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EXECUTIVE  SUMMARY 


The  Materials  Laboratory  (WL/MLBT)  at  Wright-Patterson  Air  Force  Base  is  conducting 
research  to  develop  advanced  aircraft  coating  technologies  for  improved  cleanability, 
durability,  and  service  life.  Two  of  the  most  promising  technologies  currently  under 
investigation  include;  (1)  the  use  high  velocity  thermal  spray  (HVTS)  techniques  to  apply 
organic  coatings;  and  (2)  advanced,  low  VOC  (volatile  organic  compound)  coatings  that 
incorporate  pigmented  polymer  beads. 

The  technical  requirements  for  organic  powder  coatings  applied  by  HVTS  include  specific  size 
and  distribution,  density,  shape,  and  resistance  to  electrostatic  clumping.  The  preferred  size 
range  for  HVTS  is  20  to  60  ^im  and  approximately  10  urn  for  pigmented  polyririer  beads.  Tight 
particle  size  distributions  are  critical  in  HVTS  application  for  proper  mass  transfer  and  uniform 
transfer  of  kinetic  energy  on  impact.  Pigmented  polymer  beads  incorporated  in  coating 
formulations  offer  significant  advantages  with  regard  to  improved  flow,  reduced  viscosity, 
improved  durability,  and  cleanability.  Hiding  and  tinting  properties  may  also  be  improved, 
particularly  with  vesiculated  morphologies.  Improved  flow  characteristics  and  reduced  viscosity 
is  imparted  by  the  regular  geometry  of  the  pigmented  polymer  beads.  Conventional  powder 
production  methods  are  not  suited  for  producing  materials  for  these  applications.  As  such,  a 
need  exists  to  develop  methods  to  produce  materials  for  the  Air  Force  to  further  research 
efforts  and  to  eventually  support  the  transition  of  this  technology  to  a  production  environment. 

During  the  course  of  the  program,  METSS  investigated  a  number  of  promising  technologies  for 
the  production  of  uniform  powders  of  controlled  size  and  shape  including. 

•  inkjet  technologies 

•  spray  atomization  techniques 

•  supercritical  fluid  processing  techniques,  including; 

=>  supercritical  fluid  (SCF)  spray  atomization  techniques 

=>  rapid  expansion  of  supercritical  solutions  (RESS) 

supercritical  gas  anti-solvent  (GAS)  processing  techniques. 

The  most  promising  technologies  identified  for  achieving  the  program  objectives  were  inkjet 
printing  technologies  and  supercritical  gas  anti-solvent  (GAS)  processing  technique.  The 
technical  feasibility  of  using  inkjet  processing  methods  (including  state-of-the-art  acoustic 
printing  methods)  to  manufacture  HVTS  powders  and  pigmented  polymer  beads  was  clearly 
demonstrated  under  program,  including  the  production  of  solid  and  hollow  core  spheres.  GAS 
processing  experiments  also  demonstrated  favorable  results,  particularly  with  regard  to  the  use 
GAS  processing  to  create  pigmented  polymer  beads  which  may  be  used  in  the  formulation  of 
durable,  cleanable  coatings  for  improved  service  life.  However,  the  capability  of  using  GAS 
processing  techniques  to  create  mono-disperse  polymer  beads  of  the  size  range  needed  for 
HVTS  coatings  (20  to  60  pm)  may  be  limited.  The  particle  production  methods  demonstrated 
by  METSS  are  well  suited  for  process  commercialization. 

The  project,  as  it  was  entered  into,  was  very  ambitious  .as  il^was  the  overall  objective  of  this 
program  iiot  tmly  1p  identify  tectinoiogtes  to  piuduce  “TTiorwMfi&pcrsc  pptyirier  powders,  1>ut  to 
provide  sufficient  quantities  of  materials  for  further  testing  and  evaluation  by  the  Air  Force. 
This  not  only  included  materials  for  application  by  the  HVTS  process,  but  also  pigmented. 
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1.0  INTRODUCTION  AND  BACKGROUND 
1.1  Background 

The  Materials  Laboratory  at  Wright-Patterson  Air  Force  Base  is  conducting  research  to 
develop  advanced  aircraft  coating  technologies  for  improved  cleanability,  durability  and 
service  life.  Two  of  the  most  promising  technologies  currently  under  investigation  include:  (1) 
the  use  high  velocity  thermal  spray  (HVTS)  techniques:  and  (2)  advanced,  low  VOC  (volatile 
organic  compound)  coatings  that  incorporate  pigmented  polymer  beads. 

High  velocity  thermal  spray  is  a  new  technique  for  applying  organic  coatings  based  on  thermal 
spray  or  plasma  spray  technologies  conventionally  used  for  inorganic  coatings.  The  mam 
advantage  of  HVTS  is  that  it  eliminates  the  need  for  subsequent  drying/curing  operations. 
Fully  developed,  HVTS  will  bring  powder  coating  technology  to  the  field  and  facilitate  the  use 
of  powdered  coating  technology  on  large  parts  (i.e.,  parts  too  big  for  oven  curing).  In  the 
HVTS  process,  a  dry  powdered  coating  is  directed  at  the  surface  being  coated  at  a  velocity 
high  enough  to  ensure  melting  and  coalescence  of  the  powder  particles  upon  impact  with  the 
surface.  Relatively  good  results  have  been  achieved  using  conventional  powder  coatings, 
however  the  distribution  in  particle  size  of  conventional  powder  coatings  is  thought  to  be  too 
broad  for  proper  film  formation  via  the  HVTS  process.  This  translates  into  a  distribution  in  me 
kinetic  energy  of  the  particles  impacting  the  surface  being  coated  and  leads  to  the  deposition 
of  a  non-uniform  film.  Furthermore,  the  fines  in  the  conventional  powder  coatings  (particles 
less  than  10  urn  in  diameter)  disrupt  the  plasma  by  creating  eddy  currents  and  turbulence,  thus 
further  disrupting  the  deposition  process.  It  is  desirable  to  create  a  source  of  powdered 
coatings  for  HVTS  application  with  a  very  narrow  distribution  in  properties,  including  particle 
size,  shape,  and  density  to  circumvent  these  problems. 

While  the  use  of  pigmented  polymer  beads  is  not  a  new  concept  in  industrial  coatings,  it  is  a 
concept  that  is  currently  being  revisited  in  light  of  the  current  rriission  statement  of  the  Air 
Force  with  regard  to  advanced  aircraft  coatings  and  the  demanding  issues  of  environmental 
compliance.  Pigmented  polymer  beads  incorporated  in  coating  formulations  offer  advantages 
with  regard  to  improved  flow,  reduced  viscosity,  improved  durability,  and  cleanability.  Hiding 
and  tinting  properties  may  also  be  improved,  particularly  with  vesiculated  morphologies. 
Improved  flow  characteristics  and  reduced  viscosity  is  imparted  by  the  regular  geometry  of  the 
pigmented  polymer  beads.  This,  in  turn,  facilitates  a  reduction  in  the  VOC  content  of  the 
coating  formulation  as  the  amount  of  solvent  used  in  the  coating  formulation  may  be 
decreased  in  relative  proportion  to  the  reduction  in  viscosity.  Durability  and  cleanability  are 
imparted  by  the  physical  nature  of  the  particles  themselves,  which  impart  mechanical  stability 
to  the  coating  film  and  create  a  harder,  abrasion  resistant  surface.  The  surface  properties  of 
the  coating  can  be  further  improved  if  the  bulk  density  of  the  pigmented  beads  is  controlled  to 
facilitate  migration  of  the  beads  to  the  surface  of  the  coating  during  application  and  curing. 
The  bulk  density  of  the  polymer  beads  can  be  controlled  through  proper  selection  of  the 
polymers  used  in  the  production  of  the  pigmented  polymer  beads  or  by  controlling  the 
morphology  of  the  pigmented  polymer  beads,  e.g.,  the  production  of  pigmented  polymer  beads 
with  vesiculated  morphologies. 
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1.2  Technical  Requirements 


The  technical  requirements  for  organic  powder  coatings  applied  by  HVTS  include  specific  size 
and  distribution,  density,  shape,  and  resistance  to  electrostatic  clumping.  The  preferred  size 
range  for  HVTS  is  20  to  60  pm  and  approximately  10  pm  for  pigmented  polymer  beads.  Tight 
particle  size  distributions  are  critical  in  HVTS  application  for  proper  mass  transfer  and  uniform 
transfer  of  kinetic  energy  on  impact.  Conventional  methods  of  producing  powder  coatings  are 
not  suited  to  produce  materials  of  this  specific  nature.  As  such,  a  need  existe  to  develop 
methods  to  produce  thermal  spray  powder  materials  to  further  research  efforts  and  to 
eventually  support  the  transition  of  this  technology  to  a  production  environment. 


Larger  and  smaller  size  particles  may  be  produced  using  various  techniques  but  the  ranges  of 
production  fall  outside  current  needs  for  thermal  spray  powder  systems.  Examples  include: 


•  Emulsion  polymerization  can  produce  particles  up  to  about  5  pm  in  size.  Above  this 
level  the  emulsion  stabilization  techniques  are  ineffective  and  coagulation  and 
agglomeration  occur. 


•  Micro-suspension  polymerization  has  not  been  extended  to  particle  sizes  much 
greater  than  20  pm  and  is  additionally  limited  by  the  types  of  chemistries  that  can 
be  practiced. 


•  Grinding  and  classifying  methods  used  in  conventional  powder  coating  production 
produce  non-uniform  particle  shapes  with  a  larger  distribution  than  required  and  a 
significant  population  of  smaller  particles  and  fines  that  are  not  suited  for  thermal 
spray  technologies. 


1.3  Candidate  Technologies 

During  the  course  of  the  program,  METSS  investigated  a  number  of  promising  technologies  for 
the  production  of  uniform  powders  of  controlled  size  and  shape  including: 


•  inkjet  technologies 

•  spray  atomization  techniques 

•  supercritical  fluid  processing  techniques,  including: 

=>  supercritical  fluid  (SCF)  spray  atomization  techniques 
=>  rapid  expansion  of  supercritical  solutions  (RESS) 

^  supercritical  gas  anti-solvent  (GAS)  processing  techniques. 

The  primary  reasons  for  considering  each  of  these  candidate  technologies  are  reviewed  briefly 
in  this  section. 

1.3.1  Adaptation  of  Inkjet  Technologies 

The  unique  of  inkjet  pnntipg  iechneloflies  Jeni  to  the  prorliiriion  of 

uniform  resin  droplets.  These  droplets  may  be  dried  to  -produce  orgamic  powder  coating  for 
thermal  spray  application  having  a  tight  distribution  in  the  desired  range.  Both  thermoplastic 
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and  thermoset  powder  coating  systems  can  be  processed  using  inkjet  echnology  prov^ed 
solution  or  melt  viscosity  can  be  reduced  sufficiently  for  droplet  fomation.  Direct  part  cle 
formation  in  the  correct  size  range  with  a  narrow  particle  size  distnbution  may  be  a  benefit  of 
using  this  technology  provided  the  properties  of  the  inkjet  unit  can  be  precisely  controlled  an 
Snon-uniformi^'s  in  .he  polymer  solution  can  be  avoided.  Hardware  for  the  proof  of 
concept  efforts  can  be  adapted  from  standard  off-the-shelf  inkjet  printing  equipment. 

The  current  piezoelectric  materials  used  to  drive  the  inkjet  printers  may  operate  continuously  at 
approximately  300  °F.  but  can  be  operated  up  to  500  “F  for  shorter  time  periods.  Heating 
elements  would  be  required  in  either  case.  While  this  is  a  non-standard  opt'on,  it 
necessary  to  facilitate  the  use  of  inkjet  technologies  for  higher  molecular  weight  solutions  and 
lowvisc^ity  polymer  melts.  Alternatively,  reactive  liquid  monomers  may  be  cured  via  directed 
energy  immediately  after  particle  formation  and  ejection  from  the  print  head.  AcWation 
methods  suitable  for  this  type  of  system  and  free  radical  chemist^  include  UV  cure.  ^h®rm^ 
(convection  or  IR),  and  microwave  technologies.  Other  activation  methods  use  with 
urethane  and  epoxy  chemistry  may  also  be  possible,  for  example  the  use  of  an  am 
orocessing  atmosphere  to  drive  the  chemical  cure  reaction.  By  controlling  the  activation 
Lergies  Ld  the  chemistries  employed,  particles  having  different  levels  of  residual  activity 

may  be  prepared. 

The  application  of  inkjet  printing  technology  to  the  production  of  HVTS  powders  is  possible  due 
to  advances  in  the  field  of  high  resolution  inkjet  pnnting.  Basic  inkjet  pnnting  involves  s^PP  y'"9 
a  polymeric  based  ink  to  a  printing  head  which  contains  a  piezoe lectnc 
droplet  formation.  Supporting  electronics  and  electrostatic  controls  then  accelerate  and  guid 
the  ink  particle  to  the  target  print  surface  in  the  desired  pattern.  Rapid  developments  in 
hardware  area  for  the  production  of  higher  resolution  imaging 

improving  the  dot  per  inch  (dpi)  capability  of  pnnters  from  167  to  600  dpi.  The  600  dpi 
technology  will  make  it  possible  for  METSS  to  produce  40  to  60  micron  particles.  Working  fluid 
viscosity  and  surface  tension  are  two  of  the  primary  factors  that  METSS  will  need  to  consider 
to  produce  different  particle  sizes  using  a  single  inkjet  print  head. 

1.3.2  Spray  Atomization  Techniques 

Conventional  spray  atomization  technologies  were  investigated  to  determine  the  ability  of 
these  techniques  to  produce  uniform  powder  particles  for  thermal  spray  applications.  Previous 
works  have  demonstrated  the  size  and  population  of  droplets  that  can  be  Produ^d  by 
conventional  spray  technologies  are  of  the  order  of  interest  for  the  particles  needed  for  thermal 
spray  technologies.  Conventional  spray  coating  technologies  use  air  to  atomize  coatings  into 
droplets  and  propel  them  to  the  surface  being  coated.  Atomization  is  a  process  that  is  fairly 
simple  to  accomplish  for  most  liquids  since  ail  that  is  needed  is  a  high  re  ative  velocity  be^een 
the  ^liquid  to  be  atomized  and  the  surrounding  air.  The  velocity  differential  creates 
hydrodynamic  and  aerodynamic  forces  that  cause  the  liquid  to  disintegrate  in  o  drops^  As 
might  be  expected,  the  atomization  process  is  very  sensitive  to  paint  rheology  and  the 
methods  used  to  atomize  the  coating.  Conventional  air  spray  applicators  facilitate  atomization 
by  impinging  a  high  velocity  air  stream  on  a  relatively  low  velocity  paint  stream.  Airless  and  air- 
aListed  spray  technologies  create  the  same  effect  by  forcing  the  paint  through  a  s'nall  orifice 
(nozzle)  at  hi^jh  pressures.  Atomization  occurs  rapidly  ^  iigaments  disintegrate  i 

drops.  Tfre  process  is  -generafly  tbmpiete  -wriThin  e  cenfimeiere  PT 
Conventional  applicators  may  operate  at  low  pressures  or  high  pressures,  high  flow  rates  or 
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low  flow  rates.  The  resultant  spray  pattern  (droplet  size,  distribution,  and  shape)  depends  on 
nozzle  design,  operating  conditions  (both  environmental  and  equipment),  and  the  rheological 
properties  of  the  liquid  system  (paint). 

Conventionally,  once  tiie  paint  spray  particles  are  created,  they  are  propelled  to  the  surface 
being  coated,  where  they  impinge,  flow,  coalesce  and  di^.  In  order  to  manufacture  resin 
particles  for  subsequent  titermal  spray  application,  the  particles  should  be  solidified  at  a  given 
point  in  flight  and  collected.  Various  means  may  be  used  to  accomplish  this.  For  example,  a 
conventional  “shot  tower*  approach  may  be  used  lo  allow  the  particles  to  air  dry  to  a  specific 
size,  conventional  spray  drier  technologies  may  also  be  used,  or  artificial  heating  may  be 
applied  to  slow  dry  (convection)  or  flash  dry  the  particles  in  flight  using  infrared  heating  or 
microwave  technologies.  Since  the  droplets  do  riot  have  to  flow  and  coalesce  to  form  a 
coating  on  a  substrate,  tite  fraction  of  medium  and  slow  drying  solvents  that  facilitate  these 
actions  may  modified  to  control  droplet  formation.  Thus,  the  resin  systems  used  to  produce 
the  thermal  spray  powders  may  be  based  on  ewsting  but  modified  coating  systems. 

1.3.3  Supercritical  Haiti  Processing  Technique 

Supercritical  fluid  (SCF)  technologies  may  be  used  to  produce  20  to  60  micron  size  particles 
for  thermal  spray  appfication,  or  particles  less  than  10  pm  in  diameter  for  pigmented  polymer 
beads.  Specifically,  there  are  three  approaches  based  on  SCF  technology  that  merit 
investigation  for  the  production  of  thermal  spray  powders  and  pigmented  polymer  beads: 

1 .  the  application  of  SCF  paint  spray  technologies  to  produce  atomized  droplets 

2.  the  application  of  RESS  (rapid  expansion  from  supercritical  solutions)  technologies 

3.  the  application  of  GAS  (gas  anti-solvent)  technologies. 


1. 3.3.1  SCF  Sorav  Atomization 

The  first  process  is  amply  an  extension  of  file  owiventional  spray  atornization  approach 
previously  discussed  -  the  obvious  exception  to^ig  the  use  of  supercritical  paint  spray 
technology  (i.e.,  the  UNICARB®  process)  to  produce  the  atomized  droplets.  The  production  of 
solid  droplets  using  conventional  paint  spray  techntrfogies  may  be  limited  by  an  inability  to 
remove  solvent  from  the  paint  droplets  in  an  efficient  manner,  causing  the  particles  to  coalesce 
or  clump.  In  the  SCF  paint  spray  process,  supercntical  carbon  dioxide  is  used  as  the  diluent 
solvent  for  the  paint  formulation  so  it  flashes  off  almost  instantaneously  once  the  paint  spray 
exits  the  nozzle.  Hie  medium  and  fast  drying  solvents  may  be  removed  from  the  SCF  paint 
formulation  to  fadlitate  particle  formation. 

1. 3.3.2  RESS  Processing 

Rapid  expansion  from  supercritical  solutions  (RESS)  has  demonstrated  the  production  of 
polymeric  micro-partides  and  micro-spheres  in  file  S  to  90  micron  range,  thus  offering  anofiier 
novel  approach  for  the  production  of  thermal  spray  powders  and  pigmented  polymer  beads. 
Supercritical  fluids  have  a  high  degree  of  sdvent  power  across  a  broad  range  of  solubility. 
The  ijoivpnt  yi^**-***^— of  these  fluids  can  ibe  tiaatiiy iimdifiMi  isy  changes  in  pressure  and 
temperature  in  the  range  above  the  critical  point  of  the  supercritical  fluid,  or  by  the  addition  of  a 
solvent  modifier.  Carbon  dioxide  is  a  common  supernitical  fluid  used  to  dissolve  a  number  of 
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In  thp  RF9S  DPocess  3  suDBrcritical  fluid  solution  is  expanded  across  an 

ThB  of  RESS  techniques  has  not  only  demonstrated  a  capacity  to  produce  smgle 

component  partcies  ^^un^rm  pa^^^^^^^ 

poly  L-lactic  acid. 

1. 3.3.3  flAS  Processing 

JSrticle  and  dissolving  the  liquid  canter,  flie  aolu^^  gJ^reTto' remove 

r^n^in^d  p^S^rarmVn*  3^--^ S 

i^Sn  ^hTcAS  process  may  provide  an  alternative  means  of  -drying  paint  droplets 
created  using  conventional  paint  spray  technologies. 
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2.0 


OBJECTIVE  AND  APPROACH 


2  1  Task  Order  Objective 

techniques. 


2.2  Approach 

A  program  plan  was  mit 'program'?  mf  approach  was 

review  and  comment.  Due  to  the  ,  j-sights  and  direction  and  perform  key 

straightforward;  review  the  literature  technologies  and  test  production  concepts. 

laboratory  experiments  to  m  J  broa^ 

Thus,  the  overall  program  approach  could  be  summanzea  in  iw 

_  A  lifprature  search  was  performed  to  investigate 

•  Task  1.  Literature  Search  -  nny^ders  used  in  high  performance  HVTS 

candidate  technologies  for  .^  .  r,prtinent  technical  information  needed  for 

applications.  The  literature  Key 

a  valid  technical  evaluation  P  .,  technical  or  commercial  limitations. 

sub-tasks  were  defined  as; 


=>  Literature  Search 
=j>  Literature  Review 
=>  Technical  Evaluation 
=>  WL/MLBT  Briefing 


I-  ■  Thp  ahilitv  of  each  of  the  candidate  techniques  to 

Task  2.  Process  Evaluation  -  T  _^Hpr  coatinas  for  HVTS  application  or 
produce  thermoplastic  and  of  vesiculated  and 

pigmented  polymer  beads  was  the  production  of  core-shell 

unvesiculated  morphologies  was  c  Di’amented  polymer  beads  emphasized, 

geometrys  for  two-c°mponent 

Key  experiments  and  demonstrations  to  test  p  to  produce  the  high 

identified  along  with  reformulation  ®ffods  iiiLestioaSon  Process  modifications 

were  identified.  Task  2  sub-tasks  were  defined  as. 


=>  Process  Considerations 
Equipment  Modifications 
=>  Initial  Testing 
Solid  Powders  . 
Pigmented  Polymer  Beads 
=>  Core-Shell  Geometry's. 
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3.0  description  of  efforts 

,n  «,is  sec«on.  a  dascnp«on  o,  .he  acjua,  "^^rJa^aSS 

disadvantages  cleariy  presented. 


Literature  Search,  Review,  and  initiai  Technical  Evaluation 


A  literature  search  and  reviw  was  "^aUe^rlral'CTSon  detennined  which 

mV  vigomusly.  mus  daflning  the  overall  direc«cn  of  me 

experimental  program. 

METSS  perfonned  an  — e  jorn^^e 

program  objectives  at  the  onset  of  t  e  p  9  orovided  in  Table  3. 1  cross-referenced  by  major 

and  reviewed.  An  outline  of  the  key  work  s  amnha<5i7ed  oarticle  processing  techniques.  The 
topic.  Emphasis  was  placed  on  ^  35  3  ^^umber  o^  works^were  identified  that  directly 

results  of  the  literature  search  were  favora  >  valuable  insights  that  were  used  to  direct  the 

supported  the  objectives  of  the  prograni  an  p  interviews  with  industrial 

=  ^radore^r::  .  on  .hel.  wo.  m  me 

various  areas  of  interest  to  the  program. 

An  initial  technical  evaluation  of  the  pote^  p^er  Pi^u^on^«ss^^^^ 

Oh  the  results  of  the  literature  search  and  pers^al  dK^^mns  wnn 

r^::„rmet«sSt'^cirt‘^u:Sorv^-  p-®"  " 

briefing  held  at  Wright-Patterson  AFB,  Ohio  on  August  8, 199  . 

3.2  Process  Evaluation 
The  process  evaluation 

program.  The  process  evaluabon  Additional  technical  efforts  were  pursued  to  support 

course  of  the  program  is  presented  in  this  section. 

3.2.1  Materials  Identification,  Acquisition,  and  Qualification 

Pre-formulated  powder  coaun^^ 

development  efforts.  This  made  it  possib  materials  used  were  representative  of 

proof  of  concept  experiments  while  still  ®”^V'r?pa-onable  ohvsical  properties.  This  approach 
^mmercially  viable  coating  systems  of  interest  to 

TAirr  ^SVarg  r;:rsVemd  ..  eaVo.  the  resin  classes 

of  interest  to  the  Air  Force. 
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Inkjet  or  Inkjet 


Rapid  Prototyping 


I  Supercritical 


Powder 


Spray  or  Atomization 
Spray  Drying 
Pigments 


polymer 


particle 

thermal _ _ _ 

development 
technique  or  method 

inkjet  or  ink  jet _ 

antisolvent 
rapid  expansion 
spray 

atomization 

precipitation 

RESS 

GAS 

PCA  - - 

manufacture  or  production 
size 

distribution 

coating _ 

coating 

polymer _ 

polymer 

coating  _ _ _ - 

polymer 

bead 

paint  or  coating 
encapsulate  _ 

particle  and  production 
microballoon 


A  number  of  supporting  expenments  worn  performed  on  the  matenals  received  to  assist  in  the 
subsequent  processing  experiments,  including. 

.  using  differential  scanning  calorimetry  (DSC)  to 

ranges  of  the  matenals  acquired  to  support  the  program  objectives 

.  identifying  suitabie  solvents  for  the  powder  coaUng  materials  and  the  saturation 
limits  of  the  polymers  in  solvent  solutions 

.  i-.^ir^.inn  the  effect  of  advent  Wa.  coacenba.^  ^  temperature  on  solubon 
and  melt  viscosity’s. 


METSS  Final  Report:  F3361 5-94-05803.  Tas/c  Order  Wo.  14 


Page  14 


nn  nil  of  th©  coatino  iTiatGrials  t6St6d.  Solv6nt  ©ffscts  and 
DSC  expenments  were  performed  on  a  l  c^f  the  co^  thermoset  materials  where  good  solvents 

viscosity  measurements  were  pnmanly  lirn  commercial  processing  operations. 

were  easily  identified  that  could  Poj®"  thermoset  coating  resins  (epoxies  and  polyurethanes) 
METSS  det©rmin©d  the  solubility  limi  wiccnsitv  of  the  polymer  solutions  as  a  function  of 

in  MEKand  acetone  and  then 

concentration  and  temperatura.  -me  ^^ultant  date  ^  PP 

the  subsequent  processing  thrnuah  an  orifice  into  the  gas  anti-solvent  chamber 

to  allow  the  polymer  solution  to  be  P^^^P®^  •  peceLary  to  reduce  the  viscosity  of  the 

(supercritical  CO2).  In  the  thl  inkjet  nozzte  and  broken  up  into  droplets  by 

^  for  inKje,  processing.  Pe^ent  results  are 

presented  in  Section  4.2.1. 

3.22  Spray  Drying 

The  particles  produced  by  the  '^‘kjet  process  the 

mechanism  to  solidify  the  droplete  f^odu  .  P  y  .  _^gl  system  to  support  the  initial 
most  viable  option,  therefore  METSS  coristn^cted  PVC  piping  and 

laboratory  experiments.  Development  efforts  P  .  ^  fluids  that  were  actually 

rr  used^0  support  Oasign  optimization. 

3.23  Spray  Atomization 

The  po.en.al  or  using  spra,  «2STn^^e  KorrsTSTra^'^o^^” 

reviewed  under  the  Pd’ara"’. essentially  involved  melting 

SIS  r^n^a'^^toSe  ts  ‘^0^ ih? 

Se^ScoTaS;  a\r*en?sorJ'to  reTuce  the  vlscS^lty  of  the  polymer  solution  so  it 
can  be  pumped  through  the  nozzle. 

expenments  involved  me  use  ^ '“[^'9'’  ^  m?SSt  rpSmer  melts  or  thermose. 
Induce  me.  mixing  of  me  aaP«"^*“' £0=  "'“l,,.X°SsoluOon  as  it  was  expelte^ 

polymer  solutions.  COr  pressure  was  used  to  atomise  me 

the  pressurized  chambers.  Temperature  and  press  h.  .hoH  tpmnerature  oressure  the 
VanaVs  of  interest  in  the  aPjaV  le;e,s, 

residence  time  required  to  get  good  CO2  mixing,  me  aaamun 
and  the  size  (L/D  ratio)  and  temperature  of  the  outlet  nozzle. 
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3.2.4  RESS  Experiments 

£  J.U  I  exDGrimsnts  was  to  idantify  tha  appropriata 

The  piimaty  objective  of  the  laborat  rsouiied  to  dissolve  the  polymer  systems  of  interest 
supercritical  fluids  and  processing  cor^i  _  identify  the  conditions  required  to  precipitate 

(this  effort  was  sup^rted  by  l  ""n^am  and  dSTs^taam  temperatures,  pressure 

the  polymer  from  the  supercriflMi  sol^n  _  Ups^am  ma  go  ^  experimental  variables.  A 

drop,  and  the  L/D  ratio  (length/diamete )  rESS  experiments  performed  under  the  is 

schem^c  of  experimlints  wre  primarily  limited  to  low  molecular  weight 

^"Sene  S,  t^ing  sfverefSent  supercritical  fluids,  including  carbon  diox.de, 

propane,  and  ethane. 

3.2.5  GAS  Experiments 

A  large  number  of  GAS  experiments  “"^®enfeueTn^^ 

these  experirnents  vras  to  .'denbfy  P^  ^,1  experiments  were  performed 

disperse  powder  product  via  di®  P  ^  ^  including  acetone,  MEK,  and  methylene 

Sdr’?;o"ncr^^^^^^^^  ^n^'”?7er 

were  tested.  GAS  processing  conditions  investigated  included. 

.  pressure  and  flow  rate  of  the  polymer  solution  into  the  GAS  expansion  chamber 
.  total  amount  of  polymer  solution  introduced  during  the  experiment 

•  pressure  and  temperature  of  the  GAS  chamber 

•  static  and  dynamic  CO2  flow  conditions 

.  con-cument  and  counter-current  CO,  flow  (relative  to  the  point  of  solvent 
introduction) 

.  the  use  of  surfactants  to  modify  particle  nucleation  and  growth  behavior 

•  nozzle  diameter  and  shape 

•  powder  collection  methods 

•  post  processing  extraction  time. 

solvent  expansion  experirnems  (with  ®pP®^«p?' 

selection  of  suitable  GAS  processing  “p**!®"®, J?®,  t?chn^^^^^  were  used  to 

rsuTeTrCr^Sorda™  S^ataU  used  to  direct  further 
processing  efforts. 

GAS  pfotes  •^--?^!^."t^e!ifedto  pressurized  GAS  chamber,  maintain  CO, 
plSurand  flow  conditions,  and  to  introduce  the  solvent  soluUons  into  the  GAS  chamber. 
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These  pumps  allowed  contml  over  flow  rate  or  pressure,  but  not  both.  Ideally,  independent 
control  over  both  variables  is  preferred. 

A  typical  GAS  process  experiment  is  performed  as  follows: 

prGSSure  prior  to  the  onset  of  the  experiment. 

procedure. 

ir  .TS.rr-.rri.  ris.”.  ss.r 

combined  Inlet  rate  for  the  CO2  and  solution. 

Under  typical  operating  conditions  CCh  inletfoutlet  flows  are  maintained  ''5  ml/mm  for 

^  FSrS 

3.2.6  Inkjet  Experiments 

available  equipment. 
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The  only  company  identified  with  fy^f^  Qodfnt^h^^  several  tasks 

processing  materials  other  than  inks  lashed  cured  after  droplet  formation)  at 

processing  waxes  and  monomers  (aciy  Thus,  discussions  with  Codent 

Viscosity's  up  to  100  cPs  (most  inks  efforts  (i.e.,  aeate  solutions 

<cr  the  eouipment  needed  to  suppod  the  inkjet 

experiments. 

After  mutually  defining  the  program  ^The^stem  Codent 

with  an  experimental  inkjet  system  to  PP  fUcnensina  system  requiring  only  that  METSS 
proposed  was  a  completely  control  ove^r  the  fluid  pressure.  Since  it  was 

Lpply  the  stream  Of  fluid  to  be  pro^  pe 

unknown  whether  a  continuous  .  ^drivers  for  the  system  were  constmcted  to 

appropriate  for  the  present  t^sk,  t  ®  ®  .  ..  system  was  designed  with  the  ability  to 

support  either  type  of  Pnnt  h®®^.  !J°®uencv  across  a  broad  bandwidth  to  allow  the  processing 
yary  pulse  shape,  amplitude,  and  ^'^®^“®  ^  strobe  feature  with  a  variable  delay 

conditions  for  the  polymer  solutions  to  P  P  '  ^  ^gs  designed  to  have  a  high 

was  included  to  support  x  experiments  since  there  was  no  way  of  predicting 

Srme»“rnf«urd  behave.  ZJ  operaflhg  parameters  of  me  Inkjet  head  were 

defined  as  follows; 

•  Fluid  Viscosity  Range:  20  to  100  cPs 

•  Operating  Temperature:  23°C  to  300°C 

.  Operafing  Pressure;  May  brjeraflnrat  downstream 

mrough  S'®  ,7“^  S  be  compensated  for  by  adjusting  me 

Eps1Sam7reIlre?o  kesfp  me  iame  pressure  drop  (a  feature  designed  to  facllflate 
integration  with  SCF  processing  equipment). 

.  Droplet  size:  The  capability  to  make  mono-disperse  droplets  in  me  10  to  60  mrcron 
range. 

Unfortunately,  due  to  ®°"«"®®‘' 

custom  inkjet  system  to  support  the  laboratory  ®^P®'1'^  .  qq  jn  diameter).  This 

with  one  of  their  commercial  P-9  units  (an  ®'Tfy  ’  p^owder  coating  dissolved  in 

system  was  able  to  create  drop'ets  fmm  scMu^^^^^^  IcenSs'were  not  attempted  for  fear 

acetone  in  concentrations  from  5  to  25  wrt/o  (  g  experiments  are  reported  in  Section 

of  irreversibly  clogging  the  unit).  The  r®sults  P  pointed  out  that 

;^i?ssrnrnrr;%rcr^^^ 

^prraa'Hftfpurd^^^^^^  ®"^ ''®"®® 

size  and  distribution. 
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3  2.6.1  Anoustic  Printing 

,»»  o«.m, .  msA  “  r- 

acoustic  printing  methods  •  technique  to  produce  mono-disperse  powders.  A 

METSS  to  test  out  the  potential  of  using  this  g'’  performed  with  the  support  of 

descriDtion  of  the  acoustic  printing  process,  ^  ^  cnrtinn  4  9  6  1 

Nt5S  and  me  results  of  these  experiments  are  presented  ,n  Section  4,2.6.1 . 
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4.0  RESULTS 

The  results  of  the  literatute  searoh, 

presented  in  this  section.  All  of  the  effort  desr^  flared  on  the  processes  that  offered  the  most 
Action  4.2  (Process  Evaluaton).  emphaj  is  ° -ram  ^0^  0  p^ponderance  of  the 

SSrpSn  is  -13^“  .O  ^e  produc«on  of  polymer  parades 

using  the  GAS  process  and  inkjet  printing  technologies. 


Literature  Search.  Review,  and  Initial  Technical  Evaluation 


in  secBon,  the  rasults  of  me  IHerarora  sea^  are  b^y  ravi^d^  ^^teratSe'S  wi;: 

KfrSnSi  r  £n^  pSe^.:"suS  S. 

used  to  design  the  experimental  procedures  implemented  under  the  program. 

4.1.1  RESS 

I  s  j  *  4v,a  DccQ  nrrtr«»«^  was  fairlv  thorough  and,  when  used  in  conjunction 
The  literature  related  to  the  RESS  process  vras  ta  iiymor  a  •  information 

mmmMm 

illifiispi 

Dos^sibility  was  quickly  ruled  out  as  the  commercial  feasibility  of  scaling  up  such  a  P^°^® ^ . 
hS^hTlmpT^^^^^^  todays  environmental  climate.  As  a  consequence,  expenmental 

efforts  related  to  the  RESS  process  were  limited. 

4.1.2  GAS 

ThP  litprature  on  oas  anti-solvent  (GAS)  technologies  was  more  limited  than  the  literature  on 
ReU  processing  fs  th"s  Schnology  is  still  in  its  infancy.  The  available  'iterature  was  very 

moieniinr  iwu«>  ^  _ ■  ..jrLcint  issues  and  processing  vaiiEftfles  mat 
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Furthermore,  the  literature  -Jemo^^tmurDuXtVaW^^ 

compared  to  RESS,  particularly  v«th  regard  to  f  However,  for 

eS^Ss  were  limited  to  epoxy  resin  systems  dissoived  rn  acetone  and  MEK, 

4.1.3  SCF  Processing  of  Polymers 
A  review  of  some  of  the  , genera"- 

performed  to  complement  the  R^SS  an  j?  needed  to  process  the  various  coating 

included  a  search  for  the  supercntiral  flu  d  condrt^^^^  supercritical  fluid 

resins  of  interest  to  the  progr^^  g^^^^^^^^  ^^e  spray 

coating  technology,  and  information  Parhirip  nublished  heavily  in  this  area  to  support 

atomization  of  coatings/resin  systems.  Union  Carbide  pubirsh^  heaw^  in  m, 

marketing  efforts  associated  with  the  lj,g„,y,g  on  the  distribution  of  polymer 

supercritical  fluid  coating  process.  However.  J'  g®. on  fan 

droplets  created  by  the  UNICARB©  spray  ferro  has  performed  some  work 

S  rm"rmga;r?,e  nCent  Of  powder  coatings  using  a  superchflcal 
CO2  process.  Ferro’s  process  is  discussed  bnefly  in  this  section. 

4.1.4  Inkjet 

The  iiteiature  on  iPS®^PTd“S  mC' »  mltseTi"^^^^^  pmce'ssinTofhXdsS 
printing  processes,  but  '""rted  ^  re^id  “  ^  ,  with  industriai  contacts  in  the  inkjet 

JSpere  po^eTJroplets  withoirt  me  aid  o^  ^ente^^^^ 

sritrd3«ri.rcor^^^^^ 

precisely  and  a  suitable  resin  formulation  is  available  for  processing. 

The  inkjet  literature  aiso  produced  several  other  results  that  could  impact  future  program, 
including: 

•  the  possibility  of  constructing  piezoelectric  pumps  that  essentially  act  as  micro- 
dispensers  of  polymer  melts  to  form  droplets  of  a  defined  size 

300  pm  by  simpiy  changing  the  operating  frequency  of  the  piezoeiectnc  crystal) 

.  a  newly  developed  teehnoloity  that  fa<»  H*  '®^®  "“"^®' 

TTTono-disperse  droplets  using  a  ThferoTirachnieU  array -of  iran^w^ers. 
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section. 

4.2  Process  Evaluation 

polymer  beads. 

4.2.1  Materials  Identification,  Acquisition,  and  Qualification 

AS  stated  in  Section  3.2^1  sample 

is  presented  in  Table  4.1. 


Table  4.1.  Powder  Coating  Materials. 


ll  Tvoa  Supplier 

PE 

PE 

PE  (functionalized  w/MAA) 

PP 

PVDF 

PVC 

Nylon  (78-1001) 

Fluoropolymer  (90-0000) 

Polyester  (20-1012) 

Epoxy  (10-1013) 

Epoxy 

Polyurethane 

Thermoclad 

Quantum  Chemical 

PFS  Thermoplastic 

Thermoclad 

Continental  Coatings 

Thermoclad 

Morton 

Morton 

Morton 

Morton 

O’Brien 

O’Brien 

Most  of  the  testing  performed  under  the  program  involved  the  use  of  themoset  P°^ 
materials  supplied  by  Morton  and  O’Brien.  In  order  to  ensure  that  the  matenals  were 
in  a  safe  range  to  avoid  oura,  METSS  pertormod  DSC  expenmenB  on  aach  o, 
these  samples  The  results  of  the  DSC  experiments  are  presented  in  Tabte  4.2.  Three  data 
poln^ara  p“se;tU  for  each  sampie;  (1)  tha  sneltlng  tamparatura  of  the  P^ 
tamparatura  at  which  unblocking  occura  for  sura  to  ^b^n^3)jhj 
occnHafAri  with  ibefunng^aacess.  Jn^additon,«noB»e4»&  jf  ^-^-1 

experiments  were  performed  with  a  low  nrotecular  wwgM  isolyethytene  (2000  WT)  m 
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provided  by  Quantum  and  the  Mormn  "V'oa 

determined.  All  DSC  measurements  were  performed  at  a  scan 

Table  4.2.  DSC  Data 


Polyethylene _ 


ND  -  not  determined 
NA  -  not  applicable 

solubility  limits  and  solution  viscosity."^ 

solyents  as  a  function  of  concentr^ion  and  this  material  as  a  model 

out  to  be  the  easiest  system  to  work  with  so  ^,der  this 

compound  for  the  majority  of  the  proce  .  ...  ^.uglg5S  than  100  cPs.  There  were 

contract,  f'or  inkjet  processing,  the  sdution^  supercriticai  fiuid  processing 

no  set  limits  to  the  yiscosity  of  the  solution  .  ^g^g  fairly  high  and  the  nozzle 

experiments.  Howeyer,  since  „  desirSl  As  it  turned  out.  it  was  relatively 

diameters  were  small,  low  ''1^°®'^  ^  even  at  room  temperature  and  high  polymer 

easy  to  produce  low  yiscosity  epoxy  solution  reauirements  were  met  at  solution 

concentrations.  The  100  cPs  ^o®m  tempera^re  visc^^^^^ 

concentrations  of  the  order  of  55  wt/o  f  '  -ature  especially  for  the  MEK  solutions, 
readily  reduced  with  slight  increases  in  s  ability  of  the  MEK  to  keep  the  pigments  in 

A  major  difference  between  the  solutions^  3ggtg^g 

the  powder  coating  suspended  in  solutio  powder  coating  in 

mivtiire  Viscosity  data  curyes  are  presented  in  higure  i  (ui  u'®  i  k 
acetone  and  MEK  as  a  function  of  polymer  concentration  and  tempera  ure. 

4.2.2  Spray  Drying 

A  laboratory  spray  drying  system  was^optimizS  using  a  30%  solution^of  epoxy 

and  inkjet  processing.  The  design  fy  g  ,  ^  ^  a  heated  air  stream  running 

in  acetone.  A  vertical  a  fine  powder  of  paint  at  the 

parallel  to  me  atomiz^  spray  wo*^  best  ms  syaemjr^^  optimization  of 

exhaust  side  of  me  drying  chambCT.  Sine  J  ,  Ij  pg  produced  by  me 

mis  design  were  much  coarser  f"'', »' bom  experiments  (i.e., 

inkjet  process,  the  design  was  thought  to  be  .  ^  ^^e  supercritical  fluid  spray 

spray  atomization  and  •«^kjet  processing^ 

atomization  process  circumvented  the  "®®^^^"®  ^  Jug^o  robust  to  support  the  inkjet 
Furthermore,  the  design  of  the  system  i _ ^  prnc&ss  Droplet  drying 

a  sbaigtn  seernm  cd 

SO^^ngm)  mat  was  heated  from  the  outside  with  an  infrared 
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lamp.  This  provided  enough  hea,  and  distance  to  facilitate  fuil  solvent  evapomtion  from  the 
droplets  produced  by  the  inkjet  array. 

4.2.3  Spray  Atomization 

l^ere  am  a  number  o,  comnmrda,  ?"^SuSrby“S:  ^nSSseTrS 

particles,  however  the  size  ^stnbu  t/Ljahtbe  possible  to  utilize  some  of  these  techniques 

inverselyproportionaltoproductsize.  Thus  itrng  P  ^  ^  but  the  distribution  of 

to  produce  a  tight  distrib^on  of  fS  broad.  The  only  advantage  over 

powders  produced  for  H\^S  orocesses  would  be  that  the  particles  produced  by 

conventional  powder  coatng  production  P^cjss  performed  in  this  area  of  solid  particle 

atomization  techniques  would  be  sphenca .  ceramics  \with  most  of  the  continuing  work 

production  is  related  to  the  atomizaton  of  ^als^and^ceram^^. 

related  to  the  production  of  solder  be  .  nnlvmer  oowders  of  any  substantial  molecular 

litue  available  data  on  the  P^^^u^n  °f  p  ^he  aid  of 

weight.  Thus  this  is  an  process  However,  atomization  of  polymer  solutions 

addressed  by  this  community,  including; 

•  local  variations  in  the  viscosity  of  polymer  solutions 
.  variations  caused  by  molecular  weight  distributions 

•  local  fluctuations  in  flow  rate. 

*  MPTcss  limited  its  process  evaluation  efforts  to  the  application  of 

Under  the  current  program,  MET^SS  limited  its  p  ^  atomization  expenments 

supercritical  fluid  assisted  use  of  supercritical  fluids  in  the  spray  atomization 

were  designed  to  investigate  v^ethe  ,  l  .  ^^at  could  be  recovered  for  subsequent 

supercritical  CO2  as  it  exits  the  nozzle  with  the  resin  sys  em. 

iinHpr  this  effort  using  a  number  of  approaches. 
Two  sets  of  experiments  were  performed  u"  ^  ^  ^  g  ^  of  experiments,  performed 

However,  neither  of  these  expenrnents  were  suc^^ful  supercritical  CO2  to  dilute 

using  a  modified  ISCO  lab  scale  ,  -..ffidentlv  to  allow  It  to  be  sprayed  though  a 

a  pdymer  melt  of  low  molecular  weight  polyeth^ene^ffi^^^^^^  't  to 

1/16  inch  diameter  tube.  However,  me  ^^^J^^Q^orring.  The  addition  of  co-solvents  to  provide 
shape  and  it  was  evident  that  atomiza  orocess  Based  on  the  results  from  the  first  set  of 

additional  melt  thinning  did  not  seenri  to  a'P  the  p  •  ^  ^  addition  of  melt  mixing  to 

experiments  it  was  thought  that  that  the  process  might  be  aide^^^^ 

eLre  the  supercritical  CO2  and  Thus,  the 

driving  the  overall  solution  v;s(^s,ty  do^  wir^ssure  Led  reactor.  Experiments  were 

experimentsweretransferredtoal  titer^^  polyemylene. 

performed  with  a  number  of  P'^ferent  ^  ««  ^liaaued  inf  ttaw-fay 

+te,.««r,  favorable  rasuBs  solution  as  it  was  pushed 

which  made  it  impossible  to  achieve  ®’^°  ^  P  ^  ^  a  number  of  unsuccessful  attempts, 
through  the  nozzle.  This  process  was  abandoned  after  a  numu 
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which  included  several  ™^ss™i5^ply  use  of  supercritical 

method  to  produce  powder  coahngs  trough  an  orifice  (250  to  2600 

CO,  as  a  diluent  solvent  to  facilitate  Ferro  claims  their  process 

brisrs,?'43ss:‘^srs-  ™ 

experiments  to  confirm  Ferro  s  results. 

4.2.4  RESS  Processing 

only  a  limited  number  of  RESS  expehmente  wem  P®rf®-®" 

reasons  for  this  were:  (1)  the  g®ggjnq  conditions;  and  (2)  the  solubility  limits 

suitable  supercritical  fluid  ,  coniStions  we?e  too  low  to  facilitate  powder  production 

that  could  be  achieved  even  under  ideal  con  .  performed  with  low  molecular 

fppSe  manner“L*aSitate  suTs^^^^^  precipitation  during  rapid  expansion  of  the 
supercritical  fluid. 

4.2.5  GAS  Processing 
Simply  s«ted  the  GAS 

SX^hy^rmrsu^^dd^ttM 

Sapors  number  Of  —  ® - 

SeTbrS^n—^o^'X  in  the  solution,  the  rate  of  introduction  o,  solution  into 
the  GAS  chamber,  and  the  GAS  processing  conditions. 

The  results  of  the  QAS  processing  ®>P>®n"'®"?  ®;®  by  pmsentton  Jf "the^acm 

the  experimental  results  is  presented  Section  5.0. 

4.2.5.1  .ctnivent  Expansion  Experiments 

grovirthfttmt  the  polymer  sotufiOTStTm^^  Soiverns  mvesugai^ 

and  methylene  chloride. 
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Solvent  expansion  experiments  were  performed  as  follows. 

.  a  known  volume  of  solvent  was  introduced  into  the  JeiBuson  gage  and  a  baseline 
reading  was  taken  of  the  solvent  level  through  the  sight  glass 
.  CO2  was  introduced  into  the  Jerguson  gage  and  the  system  was  allowed  to 
equilibrate  at  pressure  increments  of  100  psi 
.  volume  expansion  readings  were  taken  at  each  increment  and  plotted  against  CO^ 
pressure.  > 

followed  by  increased  expansion  through  heiow  800  osi  followed  by  a  veiy  sharp 

chloride  exhibited  very  little  expansion  at  ,L  CC?  phase 

expansion  at  800  psi.  'P'S®  "erfoS  rdetermine  if  the 

rdeTegS  -  "C  «  in'^H^ 

SffereniT  marbe^e^pe®^^^  on  the  vast  differences  in  the  rate  of  evaporation  of 

acetone  relative  to  MEK  (acetone  evaporating  more  rapidly). 

4.2.5.2  nAS  Experiments 

The  Morton  epoxy  powder  coabng  was  used  in  all  <^®X“^trmeTe"he 

number  of  different  concentraUon  levels  ranging  from  2.5  to  25  wt  /o.  Due  to  the  len^  or 

27eriments,  testing  was  limited  to  MEK  and  f  |tl"lre  va“d 

XSLSii^rnrjttCro^m^^^^^  -Lns  t^  preduce  po^mer  beads  in  the 

size  range  of  interest. 

initial  GAS  experiments  were  pertorrned  in  a  J 

be  visually  monitored.  Mixing,  nucleation.  and  precipitation  processes  wer  y 

Srtth  the  induction  of  the  polymer  soluUon  f  o  sK  tois 

COi.  tHowcvcT,  ItiBSC  4giqM8iiiiwi  iU>  provided  TP  a»JJUaiPBi^M»4jriP- 
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After  the  initial  experiments  with  the  Jerguson  gage,  the  GAS  experiments  were  shifted  to  a 
2  75  liter  high  pressure  vessel  that  allowed  for  a  substantial  volume  of  material  to  be 
pmcesled  AH  experiments  were  performed  under  a  constant  flow  of  CO.  into  and  out  of  the 
processing  vessel,  with  flows  running  co-current  or  counter-current  to  the  solution  as  it  wa 
introduced  into  the  GAS  chamber.  An  SEM  picture  of  the  epoxy  powder  prior  to  dissolution 
and  GAS  processing  is  provided  in  Figure  4.3. 

The  effect  of  polymer  concentration  in  solution  with  acetone  is  demonstrated  in  Figure  4.4. 
Two  general  trends  can  be  noted: 

1  the  morphology  of  the  processed  powder  changes  from  a  combination  of  rods  and 
■  spheres:  to  spheres  (albeit  spheres  that  are  coalesced)  as  the  concentration  of  polymer 
decreases  from  25  to  2.5  wt%  polymer  in  solution 
2.  the  size  of  the  spheres  demonstrated  a  tendency  to  increase  in  size  as  the  solution 
concentration  of  polymer  decreases,  demonstrating  increased  time  for  growth  or 
coalescence. 


This  first  set  of  figures  demonstrates  the  main  obstacles  the  rest  of  the  GAS  experiments 
performed  under  the  program  were  designed  to  overcome: 

•  production  of  spherical  morphologies  with  no  rods  present 

•  maximizing  the  growth  of  the  spherical  particles  formed 

•  identifying  processing  conditions  that  limited  or  controlled  particle  coalescence  and 
facilitated  dry  powder  production. 


In  conjunction  with  changing  processing  conditions,  it  was  thought  that  the  use  of  surfactants 
could  help  overcome  these  obstacles.  While  this  introduced  another  variable  into  an  already 
complex  equation,  these  experiments  were  met  with  favorable  results.  Figure  4  5 
demonstrates  the  effect  of  a  small  amount  of  surfactant  (0.01%  Pluronic  R-17)  on  partic  e 
morphology  under  identical  processing  conditions.  While  the  particles  produced  continued  to 
agglomerate,  they  were  ail  spherical  and  slightly  larger  than  those  produced  without  surfactant. 
These  results  clearly  indicate  the  importance  of  surface  tension  on  the  outcome  of  polymer 
morphology.  Attempts  made  to  optimize  surfactant  effects  were  met  with  limited  success  due 
to  the  number  of  other  variables  of  Interest  and  limitations  imposed  by  the  scope  of  the  current 
program. 


One  of  the  most  surprising  results  of  the  GAS  experiments  was  the  effect  on  particle 
morphology  of  the  direction  of  CO.  flow  relative  the  direction  of  the  input  solution  flow  stream. 
Counter-current  CO.  flow  rates  consistently  generated  particle  morphologies  that  were  more 
dearly  defined,  with  less  agglomeration  of  particles  and  a  more  uniform  distribution  in  the  jze 
of  the  independent  spherical  particles  created.  This  effect  is  demonstrated  in  Figure  ' 
processing  conditions  in  Figure  4.6  are  identical,  with  the  flow  in  (a)  running  co-current  and  the 
flow  in  (b)  running  counter-current.  Although  this  hypothesis  was  not  tested,  the  results 
indicate  that  the  generation  of  well  defined  spherical  particles  may  be  improved  with  mixing. 


Next,  the  effect  of  pressure  in  the  GAS  processing  ves^l  were  investigated.  As  previously 
discussed,  acetone  exhibits  a  gradual  increase  in  volume  with  CO.  pressure  up  to  800  to  900 
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psi,  v^ete  it  exhibits  a  rapid  expans^n  to  its  o  ’  me'pXte 

further  inereases  in  CO,  are  ineff^ual  ^^-me  GASjracess^^rtra  ^ 

"raTablve  roo  to  ^i  i^de^rabj.  Passing 

difference  may  be  attributed  to  a  number  of  factors,  including. 

.  the  change  in  the  rate  of  mixing  and  swelling  as  a  function  of  CO2  pressure 

•  the  change  in  density  of  CO2  with  pressure 

•  the  change  in  pressure  drop  across  the  nozzle. 

srs  -  r.= =i.-s  r™  s's 

KSJ5 

passes  through  the  nozzle. 

Results  of  the  GAS  experiments  performed  with  MEK  are  presented  in 
4.11.  One  of  the  most  interesting  things  to  note  in  the  MEK  expenments  is  the  ®P“P“  J® 
formation  reoardless  of  polymer  concentration.  GAS  chamber  pressure,  or  nozz  ■ 

“e  rlsS  of  two  identical  runs  with  me  excepbon  ^  <he  ^"t  used^n 
oirh  nin  Roth  are  low  pressure  (900  psi),  low  concentraton  (2.5  wt/o  polymer),  in  me 
eSS-ne  ran  W  rreTd^irevidinoe  of  ^kIs.  In  the  MEK  ran  (b),  no  rods  are  prcsenl 

Another  interesting  point  to  note  in  these  pi^res  is  ^Va^ence  of  the 

MEK  run  are  significantly  smaller  than  the  particles  created  f  ,  _  .4.  /:  g  jgt  ©f 

rods  would  suggest  that  nucleation  and  precipitation  occurred  at  a  f J*  ®  ’  “L  v 
DOlvmer  solution  was  not  precipitated  at  the  nozzle,  subsequently  leading  to 

smaller  oarticles  may  indicate  more  intimate  mixing  between  the  polymer  solution  and 
CO2  leading  to  the  generation  of  more  nucleation  sites  and  smaller  particles  at  supersatura  ion. 

In  Figure  4  10(a),  a  10%  solution  in  MEK  is  processed  at  1400  Psi.  with 

Howei^r  an  ever^  more  dramatic  demonstration  of  the  difference  in  behavior  between  acetone 

noted  in  ihepowUei  lecowerecL  Two  other  Si«iiXiUiJTltealu»  of  4.1D9))s 

•  the  size  of  some  of  the  particles  produced  is  approaching  5  |xm 
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the  appearance  of  pigment  particles  protruding  through  the  surface  of  the  polymer 
particles  clearly  demonstrates  an  encapsulated  morphology. 


Another  demonstration  of  the  effects  of  co-current  versus  counter-current  flow  is  provided  in 
Figure  4.11,  with  MEK  as  the  solvent.  Once  again,  more  clearly  defined  particles  were 
produced  under  counter-current  flow  conditions  and  particle  agglomeration  is  less  prevalent 
with  counter-current  flow.  However,  an  additional  point  noted  in  the  MEK  experiments  is  the 
larger  size  of  the  particles  formed  under  counter-current  flow  conditions.  This  effect  may  be 
attributed  to  a  difference  in  nucleation  and  growth  behavior  under  counter-current  conditions, 
or  the  possibility  also  exists  that  existing  particles  may  continue  to  grow  under  counter-current 
flow  conditions  at  the  expense  of  new  particle  formation  and  growth.  However,  there  is  no 
experimental  basis  to  support  either  of  these  arguments  or  to  rule  out  the  existence  of  other 
possibilities. 

The  final  figure  (4.12)  demonstrates  the  capabilities  of  using  GAS  processing  techniques  to 
create  vesiculated  morphologies.  This  particular  picture  is  of  a  polycarbonate  sample,  that  was 
dissolved  in  NMP  and  processed  at  1100  psi  through  a  760  micron  nozzle.  The  rod-like 
structure  is  obviously  very  hollow  with  a  honeycomb-like  structure  exhibiting  large  voids  in  a 
porous  membrane  of  polymer.  Vesiculated  morphologies  may  be  created  by  introducing  a 
sharp  pressure  drop  during  processing,  or  by  mixing  supercritical  CO2  with  the  input  stream. 

4.2.6  Inkjet  Results 

The  results  of  the  inkjet  processing  experiments  are  presented  in  Figures  4.13  through  4.16. 
All  of  the  figures  represent  polymer  beads  formed  from  solutions  of  epoxy  in  acetone  under 
identical  processing  conditions.  The  only  variable  across  the  experimental  results  presented  is 
the  concentration  of  epoxy  in  solution.  Only  the  supernatant  liquid  was  processed  to  avoid 
clogging  the  inkjet  with  pigment.  Figures  4.13  and  4.14  are  presented  at  a  magnification  of 
500X  with  a  60  pm  scale  for  the  5  wt%  and  10  wt%  polymer  solution  concentrations 
respectively.  Figures  4.15  and  4.16  are  presented  at  a  magnification  of  300X  with  a  100  pm 
scale  for  20  wt%  and  25  wt%  epoxy  solutions.  Particle  agglomeration  and  size  both  showed  a 
tendency  to  increase  with  polymer  concentration. 

The  inkjet  process  proved  to  be  a  very  successful  vehicle  for  creating  polymer  beads.  From  an 
inkjet  droplet  production  standpoint,  one  of  the  most  interesting  features  worth  noting  in  the 
SEM  pictures  of  the  polymer  beads  is  the  distribution  in  the  size  of  the  particles  produced.  The 
fact  that  the  particles  created  using  the  10  wt%  (Figure  4.14)  solution  are  essentially  bi-modal 
in  distribution  is  especially  interesting.  The  distribution  in  particle  sizes  may  be  attributed  to 
several  factors: 

•  local  variations  in  solution  viscosity  during  droplet  formation 

•  non-uniform  solvent  evaporation 

•  local  variation  in  droplet  production  from  nozzle  to  nozzle  in  the  inkjet  array 
(although  this  particular  print  head  is  supposedly  optimized  to  eliminate  this  effect) 

•  prnrti  lont'A  nf  for  the  solutions 

being  tested. 
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While  the  contribution  of  the  first  two  factors  can  not  be  ruled  out  for  the  25  wt% 

solutions  the  uniformity  of  the  particles  formed  from  the  10/o  solution  demonstrates  the 
commercial  settings  on  the  inkjet  system  were  close  to  ideal  for  the  production  of  uniform 
satellites  (approximately  25  ^im  in  diameter)  created  during  the  production  of  the  pnma^ 
polymer  droplet.  This  would  most  likely  mean  that  the 

size  but  this  is  not  supported  by  the  particles  shown  in  Figure  4.14.  Thus,  ottier  fartore  may 
also’ be  contributing  to  the  final  size  of  the  polymer  droplets. 

imoortant  however  as  it  does  imply  that  controlled  satellite  formation  is  possible  and  this  may 
pToviS  a  Se  route  for  the  production  of  small  diameter  HVTS  powders  (with  one 
classification  step)  or  the  production  of  pigmented  polymer  beads. 

An  interesting  feature  in  all  of  the  SEM  pictures  of  the  polymer  beads  is  the  obvious  ^^ation 
of  hollow  core  beads  through  the  inkjet  process,  at  least  for  the  large  particles  ' 

not  readily  clear  whether  the  smaller  particles  (less  than  25  jim)  are 
although  they  all  appear  to  be  solid  spheres.  The  presence  of  the  hollow  core  spheres  s  not 
surprising  as  the  size  of  the  droplets  and  the  fast  evaporation  rate  of  acetone  would  be 
exS  to  lead  to  rapid  mass  transport  of  the  solvent  from  the  surface  of  the  droplet  creating 
a  solidified  shell  that  ultimately  defines  the  diameter  of  the  polymer  sphere.  Subsequen 
processing  efforts  should  include  formulation  modification  efforts  that  incorporate  a  fraction  o 
slow  anTLdium  drying  solvents  that  allow  the  outer  structure  to  stay  open  tong  erjough  for  aH 
of  the  fast  drying  solvents  to  flash  off  before  solidification  begins  to  occur.  J^e  balance  of  the 
solvent  blend  may  be  adjusted  to  control  the  overall  size  of  the  polymer  beads  created,  the 
c^aTonThoS  core  or  solid  polymer  beads,  and  the  thickness  of  the  outer  shell  in  the 
hollow  core  beads.  Thus,  formulation  modification  efforts  will  not  only  make  it  Possible  to 
control  the  size  of  the  polymer  beads  created,  but  also  their  bulk  density.  As  ® 

production  methods  are  strongly  influenced  by  surface  tension  effects,  the  use  of  su  ac  a 

should  also  be  investigated. 

It  should  be  noted  that  the  destruction  of  the  hollow  core  polymer  beads  may  be  attributed  to 
post  p“»ss  idling,  as  the  polymer  samples  were  transported  for  SEM  analysts  betj^n 
^0  glass  microscope  slides.  However,  it  is  also  possible  that  some  of  the  sph^es  exploded 
as  trapped  solvent  tried  to  escape  the  hard  shell  of  the  polymer  bead^  In  ®^o^® 
bead  samples  should  be  deposited  directly  on  conductive  tape  for  subsequent  SEM  analy  . 

4  2.6.1  Acoustic  Printing  Results 

Acoustic  printing  experiments  were  performed  at  NLRC  in  conjunction  ^rth  Dr  Rivard 
Oeftering.  In  acoustic  printing,  a  piezoelectric  crystal  is  placed  beneath  the  surface  of  a  Nu' _ 
The  acoustic  wave  created  by  the  piezoelectric  is  focused  at  the  surface  of  the  liquid  and  the 
kinetic  energy  created  by  the  pressure  wave  causes  the  droplet  to  be  ejected  from  the  surface. 
The  diameter  of  the  drops  can  be  readily  changed  by  changing  the  processing  frequency. 

METSS  provided  NLRC  with  a  number  of  polymer  solutions  to  investigate  the  applicability  of 
acoustic  printing  technology  to  the  production  of  mono-disperse  polymer  beads^  ’ 

METSS  provided  samples  of  polyurethane  in  MEK  at  concentration  levels  from  30  to  50  o. 

These  samples  were  tested,  but  the  results  were  unsuccessful.  H^ever,  a  second  senes  of 
experiments  were  performed  with  solutions  of  epoxy  in  .acetaoe  ai  iaan^trations  up  to 
wf^o.  These  experiments  were  very  sucressTul,  tiearty  demonsliatirig  ihe  polsmnai 
technique  to  produce  mono-disperse  droplets  from  a  30%  solids  solution  with  pigme  . 
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drops  produced  were  operating 

"cyTth™°afl^T  the  ory^  being  used  to  pmduce  the  acoustic  energy,  and 
higher  operating  frequencies  could  have  lead  to  its  destruction. 
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5.0  CONCLUSIONS 

provide  sufficient  quantities  of  matenals  nrocess  but  also  pigmented 

been  previously  performed; 

1.  METSS  was  able  to  produce  micron  scale  polymer  beads  from  solutions  containing 
high  molecular  weight  resins  via  the  GAS  process. 

2  The  ability  of  using  acoustic  printing  methods  to  produce 

a  ffigh  molecular  v^eight  polymer  solution  was  demonstrated  for  the  first  time. 

3  METSS  was  able  to  produce  and  collect  spheres  of  epoxy  powder  coating  from 
polymer  solution  processed  using  commercial  inkjet  equipment. 


5.1  Process  Summaries 


some  concluding  remarits  and  suggestions  for  future  research  are  presented  by  technology 
area  in  the  remainder  of  this  section. 


5.1.1  Spray  Atomization 

Ferro  CorootaUon  has  repotted  the  production  of  mono-disperse  40  micron  po^^er  co^ngs  by 
e^lt  sp^y  atomSirn  pmcess  assisted  by  supemritical  COr.  if  the  parbcles  produced  by 
IT  onS  Tre  IrJ^d  mono-disperse.  then  the  process  developed  by  Ferro  may  provKte  a 
rtabte  means  of  producing  powders  for  HVTS.  However,  due  to  the  number  of  omer  vanables 
involved  it  is  difficult  to  believe  that  the  powders  produced  are  indeed  mono-dispeiee.  Thus,  rt 
ZldtelTpoSto  obtain  a  sample  of  these  materials  and  perfomt  pafficles  sje  ana^rs 

on  them  to  determine  if  further  work  is  merited.  If  Uie  particles  “"f®™  TsS'dTTmet 

mav  be  worth  while  to  attempt  this  process  using  an  acoustic  no^le  to  assist  droplet 
formation.  With  this  possible  exception,  it  is  our  opinion  that  the  desired  particles  can  not  be 

produced  by  existing  atomization  processes. 


5.1.2  RESS  Processing 

The  utility  of  RESS  processing  is  limited  with  regard  to  the  current  application  due  to  the 
following  factors: 


•  an  inability  to  dissolve  any  of  the  resin  systems  of  interest  in  a  suitable  supercntical 
fluid  under  reasonable  processing  conditions 

.  c^uMruii.,,  iMlafaBigm  par^‘  ^ 

under  Ideal  SCF  yiuLessing 
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the  cost  of  implementing 
prohibitive. 


this  technology  in  the  low  margin  coatings  market  would  be 


No  further  RESS  processing  work  is  recommended. 

5.1.3  GAS  Processing 

Currently  it  appears  that  the  capability  of  using  GAS  processing  techniques  to  create  mon^ 
formulation  of  durable,  cleanable  coatings  for  improved  service  life. 

Fiaure  5  1  provides  a  pictorial  description  of  the  progress  METSS  made  during  ^ 

variables^that  favored  the  production  of  spherical  polymer  beads,  including. 

•  low  solution  concentrations* 

•  lower  processing  rates  (in-flow  of  polymer  solution) 

•  larger  diameter  nozzles 

•  the  use  of  surfactants 

•  higher  processing  pressures* 

•  counter-current  flow. 

Furthermore  bv  comparing  the  results  of  the  acetone  and  MEK  experiments,  METSS  was  able 
to?erns^.e  maTpoIjIIr  baad  processing  was  favored  by  .he  use  of  f 
solvents  Furthermore,  it  appears  that  the  use  of  slower  evaporating  solvents  may  facilitate  the 
useTmore  faSe  precessing  conditions  (lower  pressures*)  and  mprove  processing 
efficiency  by  allowing  higher  concentration  solutions*  to  be  processed  at  higher  g  p 

rates*. 

The  results  of  the  GAS  processing  experiments  were  very  encouraging.  This 

Il^h^r  inveSgaL  as  it  does  appear  that  GAS  processing  techniques  can  be  used  o 

effectively  create  pigmented  polymer  beads  for  advanced  coatings.  Production  criteria  should 

S^e^  priorKrtherv^rk,  as  pigment  packing  and  ulSmate  Pf 

sDherical  oeometry’s.  These  properties  are  not  typically  favored  by  the  use  of  mono-disperse 

particles,  but  by  a  distribution  in  particles  size.  Thus,  the  neces^y  'Sore 

partSs'in  die  fomiulaton  of  these  advanced  coatings  will  significant  impact  the  3m°um  ^ 
SnS  effort  required  to  reach  ttiis  objecdve.  Furthennore,  the  particie  s^e  range  of  interest 
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should  also  be  re-evaluated,  as  particles  smaller  than  10  pm  in  diameter  may  actually  provide 
better  overall  performance  in  the  desired  application.  Based  on  current  results,  particles 
diameters  in  the  1  to  5  micron  range  may  be  readily  achieved. 

As  a  final  issue,  the  overall  economics  of  using  GAS  processing  for  HVTS 

production  or  the  processing  of  pigmented  polymers  beads  will  have  to  be  evaluated  in  teim 

of  total  life-cycle  costs.  At  this  time,  there  is  no  way  to  estimate  the  cost 

polymer  beads  using  GAS  processing  techniques,  the  impad  of  this  cost  on  the  “st 

coating  formulations  developed  using  these  particles,  or  the  life-cycle  cost  savings  incurred  t 

by  use  of  these  new  high  performance  coatings.  ^ 

5.1.4  Inkjet  Printing 

While  progress  on  the  inkjet  printing  experiments  was  severely  hampered  by  the  problems 
ena.unte4d  In  the  development  and  delivery  of  the  custom  Inkjet  pnnt 
by  Codent  (UK),  some  significant  strides  were  made  using  a  commercial  Jb 
demonstrates  the  technical  feasibility  of  using  this  approach  to  process  powders  suitable  f 

HVTS  application. 

In  summary  METSS  was  able  to  create  spherical  powders  of  epoxy  powder  coating  frorn 
acetone  solutions  containing  from  5  to  25  weight  percent  polymer.  While  the  distnbution  of 
particles  created  by  this  process  was  not  mono-disperse,  the  results  are  still  very 
as  spherical  particles  were  able  to  be  produced  using  the  factory  settings  on  '^kjet  sys^ 
With  proper  control  over  the  inkjet  processing  variables  (e.g.,  frequency,  pulse  amplitude, 
pulse  duration,  and  shape)  METSS  should  be  able  to  optimize  the  P~®®ss'ng  conditions  for 
the  specific  solution  being  processed  to  generate  a  mono-disperse  powder.  P®^'® 

size  will  be  dictated  by  the  inkjet  production  variables,  the  charactenstics  of  the  polymer 
solution  being  processed,  and  particle  drying/collection  methods. 

With  additional  work.  METSS  should  be  able  to  successfully  adapt  the  inkjet  process  to  create 
mono-disperse  polymer  beads  in  the  20  to  60  micron  range  for  HVTS  application.  It  may  also 
be  possible  to  create  pigmented  polymer  beads  of  the  order  of  10  pm  in  diameter  using  inkjet 
technologies  and  one  of  two  approaches: 

•  the  use  of  very  low  solids  solutions  and  proper  control  over  drying  conditions 

•  by  the  controlled  production  of  satellite  droplets  (small  droplets  that  form  in  conjunction 
with  main  droplet  production),  followed  by  separation  and  drying,  or  downstream 
classification. 

Technical  experts  at  Codent  believe  controlled  production  of  satellite  droplets  may  provide  a 
viable  approach  to  using  inkjet  technologies  to  create  particles  in  the  size  range  of  interest  for 
pigmented  polymer  beads.  However,  the  production  of  10  micron  P®J®'®®  b® 

significantly  more  challenging  and  require  the  use  of  high  speed  photographic  techniques  to 

support  the  process  development  efforts. 


TJjeiise  va  Jamer  jnl^,anaw  Moukilie  ilesiffid  to  irapmwfWBBS  ifcn>ugh^3ut.^4aadide 

drying  and aSfen^iSrods would ftavetobeop^ 

cStt,  it  will  be  possible  to  adapt  the  commercial  P-9  head  with  the  vanable  controller  built 
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during  the  course  of  this  program  to  “(l^'g^ngnuecTeffotts  to  build  an  integrated 

photographic  interrogation  of  the  droplet  produc  ion  p 

ohnuld  be  strongly  linked  to  formulation  development 
All  subsequent  inkjet  processing  e«orte  controlled  formation  of  polymer  beads, 

efforts,  as  the  correct  blend  o  solvents  is  cnbcal  to  the 

The  balance  of  the  solvent  J"®'';’®  “  ^rJTbeads,  and  the  thickness  of  the 

beads  created,  the  creabon  of ''®"®"  “!®,^ulaUon  modiflcation  efforts  will  not  only  make  it 

5.1.5  Acoustic  Printing 

The  preliminary  results  achteved  ^  from  a  30  wt% 

using  acoustic  printing  methods  to  ^  j  g-etone.  Other  works  have  already 

solution  of  a  ^°‘^'^f“f\®P°^jJ?°JIis®teSnolog^  to  produce  mono-disperse  droplets  from 
demonstrated  the  potential  of  u  g  increasino  the  operating  frequency  of  the  crystal 

300  pm  in  diameter  down  to  5  pm  ^'^ply  by  9  P  ^  j^^ojogy  potentially  may  be 

and  refocusing  the  beam  at  the  surfa^ of  the  p^.y^e, 

used  to  produce  20  to  60  ®  A  the  direct  production  of  vesiculated  polymer 

beads.  The  one  possible  ^Leifeve  th  the  factors  controlling  the  formation  of 

beads.  However,  there  is  no  reason  to  b©'  imoact  the  production  of  polymer 

hollow  core  polymer  beads  in  Acoustic  printing  methods  should  also  be 

beads  by  acoustic  printing  metho  .  ’  ^  precise  control  over  particle  formation 

complpmented  by  solution  ®  ^  ateo  be  used  to  change  the  bulk  density 

geometry.  Post  processing  with  supercnti^  COj  rn  y  ^ob^ 

S  iSed  in  commercial  particle  atomization  processes. 

AS  far  as  process  commerotol^on  is 

the  printing  industry  will  make  ^PP^®. .  .  r  -jpg  ^^is  technology  to  produce  photo  quality 

xerox  has  already  demonstrated  the  P®2"Si°Sed  operations, 

prints  using  array  technology  9  ^  ^  ^  prototype  development  efforts 

rnSrmeranls^^IrmSS^^^^^^ 

^StuX'SS^c^lSges^ssodate^  ^.b  the  transibon  of  this  technology  to 
the  field  have  already  been  addressed. 
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5.2  Final  Recommendations 

Based  on  the  efforts  performed  under  this  program,  METSS  recommends  the  Air  Force  pursue 
the  following: 

.  further  development  of  GAS  processing  techniques  for  the  production  of  pigmented 
polymer  beads 

.  further  development  of  inkjet  processing  termniques  <““*9 

methods)  for  controlled  production  of  moncwlisperse  powder  coatings  for  HVTS 
application  and  the  production  of  pigmented  polymer  beads 

•  rr -  fur rr^^^ntS  r.: 

creation  of  solid  and  hollow  core  polymer  beads. 
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Figure  3.1 .  RESS  process  schematic. 
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Figure  4.2.  Equilibrium  solvent  expansion  curves  as  a  function  of  CO2  pressure. 
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Figure  4.3.  As-received  epoxy  powder  coating 
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Figure  4.5.  The  effect  of  surfactatit  on  GAS  processing  results:  (a)  no  surfactants;  (b)  0.01  wt%  Pluronic  R-17. 
GAS  processing  conditions;  2.5%  epoxy  in  acetone;  1400  psi;  150  pm  nozzle;  co-current  CO2  flow;  5  ml/min  - 10  min 
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figure  4.6.  Effects  of  CO2  flow  direction  on  GAS  processing  results:  (a)  co-current  flow;  (b)  counter-current  flow. 
GAS  processing  conditions:  2.5%  epoxy  in  acetone;  1400  psi;  180  pm.  nozzle;  5  ml/min  - 10  min;  0.01  wt%  Pluronic  R-17 
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Figure  4.7.  Effects  of  GAS  processing  pressure  on  particle  morphology:  (a)  900  psi;  (b)  1400  psi. 

GAS  processing  conditions:  2.5%  epoxy  in  acetone;  180  pm  nozzle;  counter  flow;  5  ml/min  -  10  min;  0.02/0.01  wt%  Plutonic. 
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Figure  4.8.  Effects  of  nozzle  size  on  GAS  processing  results:  (a)  180  pm  nozzle;  (b)  760  ptn  nozzle. 

GAS  processing  conditions:  2.5%  epoxy  in  acetone;  900  psi;  counter  flow;  5  ml/min  -  5  min;  0.02  wt%  Pluronic. 
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Figure  4.10.  GAS  processing  of  high  concentration  polymer  solution  in  MEK: 

(a)  10  wt%  epoxy  solution  at  1400  psi;  (b)  25  wt%  epoxy  solution  at  900  psi. 

GAS  processing  conditions:  180  pm  nozzle;  counter  flow;  0.5  ml/min  -  25  min;  0.03  wt%  Pluronic. 


FldUre  4  1 1  Effects  of  CO2  flow  direction  GAS  processing  results  for  MEK:  (a)  co-current  flow;  (b)  counter-current  flow. 
gas  processing  conditions;  10%  epoxy  in  MEK;  900  psi;  760  pm  nozzle;  co-current  flow;  0.5  ml/min  -  25  min;  no  surfactant 

METSS  Final  Report:  F3361 5-94-0-5803,  Task  Order  No.  14 
Appendix  B 
Page  1 4 


METSS  Final  Report:  F33615-94-C-5803,  Task  Order  No,  14 
Appendix  B 
Page  15 


<D 

■p 


•SC 
CO 

00“ 

o 

GO 
lO 

6® 

?  =  ® 
lO  Q>  0> 

to  ^0. 

£2 

00 

u. 


CO 


'C 

o 

Q. 

(D 

q: 

TO 

.C 

c/5 

UJ 

S 


I 


1 


METSS  Final  Report:  F3361 5-94-C-5803,  Task  Order  No.  14 
Appendix  B 
Page  17 


Figure  4.17.  Mono-disperse  polymer  beads  created  by  acoustic  printing  methods. 
Droplets  were  collected  on  glass  slide  during  production. 

Actual  droplet  diameter  is  approximately  120  urn. 

Scale  is  50  pm  per  division. 
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Figure  5.1.  Evolution  of  GAS  processing  results  under  current  program  from  (a)  start  to  (b)  finish. 


